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Introduction {#anie201913055-sec-0001}
============

More than half a century since Pederson\'s seminal discovery of synthetic host molecules,[1](#anie201913055-bib-0001){ref-type="ref"} the scope of macrocyclic chemistry is still expanding.[2](#anie201913055-bib-0002){ref-type="ref"} Apart from well‐established classes such as cyclodextrins,[3](#anie201913055-bib-0003){ref-type="ref"} cucurbiturils[4](#anie201913055-bib-0004){ref-type="ref"} and crown ethers,[5](#anie201913055-bib-0005){ref-type="ref"} a large number of synthetic macrocycles has emerged. Many of these are derived de facto from one set of reactions: the condensation of phenols with aldehydes.[6](#anie201913055-bib-0006){ref-type="ref"} This gave rise (Figure [1](#anie201913055-fig-0001){ref-type="fig"}) not only to bakelite,[7](#anie201913055-bib-0007){ref-type="ref"} but also to cyclotriveratrylenes,[8](#anie201913055-bib-0008){ref-type="ref"} resorcinarenes,[9](#anie201913055-bib-0009){ref-type="ref"} calixarenes,[10](#anie201913055-bib-0010){ref-type="ref"} and in recent times to pillararenes[11](#anie201913055-bib-0011){ref-type="ref"} and other analogues.[12](#anie201913055-bib-0012){ref-type="ref"} Pillararenes, named after their characteristic cylindrical pillar‐shaped cavities, have gained considerable popularity in the past decade on account of their facile syntheses, versatility towards derivatization, and rich host--guest chemistry. The synthesis of the pentameric homologue, pillar\[5\]arene[13](#anie201913055-bib-0013){ref-type="ref"} (P\[5\]), is especially high‐yielding, allowing the construction of a wide range of supramolecular architectures based on symmetric P\[5\]s with identical functionalities on both rims. Furthermore, recent developments from our group and others have opened up rim‐specific functionalizations, leading to the so‐called rim‐differentiated[14](#anie201913055-bib-0014){ref-type="ref"}, [15](#anie201913055-bib-0015){ref-type="ref"}, [16](#anie201913055-bib-0016){ref-type="ref"} P\[5\]s (RD‐P\[5\]s) with different top and bottom rims (R^1^≠R^2^; Figure [1](#anie201913055-fig-0001){ref-type="fig"}) to be prepared and further functionalized in a tailor‐made fashion.

![Tiara\[5\]arene, a *para*‐bridged oligophenolic macrocycle, which is not attainable by condensing phenol and formaldehyde, can be synthesized by taking a detour through rim‐differentiated pillar\[5\]arene.](ANIE-59-3994-g001){#anie201913055-fig-0001}

No *para*‐bridged macrocycle arising from simply reacting phenol and formaldehyde is so far known, since one of the anchoring positions of the methylene bridges on the aromatic unit is not compatible with the well‐known regioselectivity of the electrophilic substitution of phenol. Noting, for example, the extensive chemistry developed for calixarenes, which could be regarded as *meta*‐bridged analogues, the conception of such unconventional macrocycles would open up as yet uncharted chemical space. Whereas the vast majority of current pillararene functionalizations are executed on the alkoxy moieties,[17](#anie201913055-bib-0017){ref-type="ref"} we reasoned that the specific removal of the O atoms on one side of RD‐P\[5\]s to create a C−H functionalized rim would allow the construction of for example, C−C, C−N, and C−X bonds directly linked to the aromatic units, creating new opportunities for host--guest chemistry and novel scaffold construction approaches.

Herein we present the synthesis and solid‐state structures of RD‐P\[5\]‐derived macrocycles composed of five phenolic units *para*‐bridged covalently by methylenes, subsequently referred to as tiara\[5\]arenes (T\[5\]s) or tiararenes. Next, we discuss their host--guest chemistry, derivatization strategies, and remarkable potential as nonporous adaptive crystals (NACs),[18](#anie201913055-bib-0018){ref-type="ref"} especially the ability to distinguish between rather similar guests, such as benzene and cyclohexane.

Results and Discussion {#anie201913055-sec-0002}
======================

The key step in the synthesis of tiara\[5\]arenes is the initial formation of the RD‐P\[5\] precursor. Instead of a heads‐or‐tails statistical cyclization characterized by very low yields, our synthesis started with a monomer that aligns in a head‐to‐tail manner, resulting in a highly selective synthesis of RD‐P\[5\]s, that is, 55 % selectivity among all four P\[5\] consitutional isomers and 20 % yields of isolated product.[14](#anie201913055-bib-0014){ref-type="ref"} In the beginning we set out to improve the yield of the RD‐P\[5\] synthesis, widening a bottleneck in our synthesis. One major limitation to be overcome in the oligocyclization is the retro‐Friedel--Crafts reaction; after formation of the aryl−CH~2~−aryl moiety, the reaction can reverse.[19](#anie201913055-bib-0019){ref-type="ref"} The result is the generation of the other three undesired P\[5\] isomers, rather than an exclusive synthesis of RD‐P\[5\] that would have occurred had this retro Friedel--Crafts reaction not occurred (see the Supporting Information). Reduction of the water content by using CaH~2~‐dried 1,2‐dichloroethane as solvent suppressed this retro effect and routinely increased the yield of (OBn)~5~‐RD‐P\[5\] from 20[15](#anie201913055-bib-0015){ref-type="ref"} to 25 %, leading to a gram‐scale production in one step (Scheme [1](#anie201913055-fig-5001){ref-type="fig"}).

![The metamorphosis of rim‐differentiated pillar\[5\]arenes (RD‐P\[5\]s) into tiara\[5\]arenes (T\[5\]s).](ANIE-59-3994-g005){#anie201913055-fig-5001}

Subsequently, the benzyl groups were removed using ammonium formate as a hydrogen source in the presence of Pd/C, and the deprotected penta‐OH intermediate was converted directly to the air‐stable (OTf)~5~‐RD‐P\[5\] in 87 % yield in two steps. This penta‐triflate was hydrodeoxygenated by reduction (H~2~ over Pd/C) under slightly basic conditions to convert all five OTf groups into H atoms, providing access to the permethylated tiara\[5\]arene (T\[5\]‐(OMe)~5~) in 96 % yield. Near‐quantitative *O*‐demethylation with excess of BBr~3~ finally yields the parent tiara\[5\]arene (T\[5\]), a new macrocyclic scaffold consisting of phenol units linked by methylene bridges anchored on the *ortho*‐ and *meta*‐positions with respect to the OH groups. The total yield over five steps is 20 %, allowing us to synthesize 410 mg of T\[5\] from per gram of the (OBn)~5~‐RD‐P\[5\] precursor produced.

Tiara\[5\]arene and T\[5\]‐(OMe)~5~ show in solution (for example, observed in the NMR spectra) an averaged *C* ~5~ symmetry on account of their high conformational freedom similar to \[1~5~\]paracyclophane.[20](#anie201913055-bib-0020){ref-type="ref"}, [21](#anie201913055-bib-0021){ref-type="ref"} The structural flexibility is also evidenced by the rich polymorphism of T\[5\]‐(OMe)~5~ displayed in the solid state, a selection of which are displayed in Figure [2](#anie201913055-fig-0002){ref-type="fig"} (see the Supporting Information for more polymorphs). A solvent‐free T\[5\]‐(OMe)~5~ structure[22](#anie201913055-bib-0022){ref-type="ref"} (space group *P* $\bar{1}$ , triclinic) obtained on crystallization by vapor diffusion of CH~3~OH into CHCl~3~ solution, features a *C* ~1~ conformation (Figure [2](#anie201913055-fig-0002){ref-type="fig"} a), with the cavity‐forming rings alternatingly up and down. With the odd number of aryl rings, this alternation leaves one remaining ring to be rotated nearly 90° with respect to the other four rings. While this rotation has also been observed for \[1~5~\]paracyclophane and for the leaning pillar\[6\]arene,[23](#anie201913055-bib-0023){ref-type="ref"} this rotational distortion is not intrinsic to these C−H functionalized *para*‐bridged macrocycles.

![X‐ray crystal structures of a) T\[5\]‐(OMe)~5~, b) CH~3~CN⊂T\[5\]‐(OMe)~5~, and c) H~2~O⊂T\[5\], showing assorted solid‐state conformations of the tiara\[5\]arene scaffold. Packing modes in (a), (b), and (c) are viewed from \[1$\bar{1}$ 0\], \[110\], and \[111\] directions, respectively. Most hydrogen atoms and solvent molecules are omitted for clarity. C silver/gold for different enantiomeric conformers, O red, N blue, H white.](ANIE-59-3994-g002){#anie201913055-fig-0002}

*C* ~1~‐symmetrical conformations can also be found in single crystals obtained under different conditions, such as vapor diffusion of CH~3~OH into *trans*‐1,2‐dichloroethene or EtOAc solutions, although in both cases the T\[5\]‐(OMe)~5~ conformations deviate from the one shown in Figure [2](#anie201913055-fig-0002){ref-type="fig"} a: from 1,2‐dichloroethene, apart from 2 up, 2 down, 1 flat macrocycles, a 3 up, 1 down, 1 flat conformation can also be obtained. In the crystal structure obtained in EtOAc, another 3 up, 2 down geometry can be also observed. In other words, T\[5\]s by themselves do not typically display pillar‐like structures.

The inclusion of a CH~3~CN solvent molecule changes (Figure [2](#anie201913055-fig-0002){ref-type="fig"} b) this picture. Similar to many P\[5\] derivatives, in the CH~3~CN⊂T\[5\]‐(Me)~5~ crystal structure[24](#anie201913055-bib-0024){ref-type="ref"} (space group *P* $\bar{1}$ , triclinic) all five aromatic units are now aligned almost perpendicularly to the pentagonal plane formed by the carbon atoms on the methylene bridges, and result in a more or less five‐fold symmetric tiara‐like cavity of diameter ca. 8 Å. A CH~3~CN molecule is located inside. Both C−H⋅⋅⋅π (distances 2.95, 3.29, and 3.41 Å) and C−H⋅⋅⋅N interactions (distances 2.74, 2.77, 2.98, 3.04, and 3.14 Å) can be found between the T\[5\]‐(OMe)~5~ macrocycle and the CH~3~CN guest molecule. Interestingly, the CH~3~CN is oriented in only one of the two possible directions, indicating a strong orientational preference, presumably as a result of dipole stabilization. This complexation geometry is borne out by wB97XD/6--311+G(d,p) calculations which confirm a preference of 6.2 kcal mol^−1^ for the experimentally observed orientation of the CH~3~CN molecule in the cavity (see detailed computed structures in the Supporting Information).

The parent T\[5\] macrocycle can also be crystallized[25](#anie201913055-bib-0025){ref-type="ref"} in the space group *P* $\bar{1}$ (triclinic) by slow cooling in PhMe (Figure [2](#anie201913055-fig-0002){ref-type="fig"} c). A distorted conformation, with one flat and four more vertical phenolic units relative to the pentagonal scaffold, can be found in the structure, even although the orientations and dihedral angles involving the aromatic rings differ from those of the T\[5\]‐(OMe)~5~ polymorphs (Figure [2](#anie201913055-fig-0002){ref-type="fig"} a,b and the Supporting Information). Multiple hydrogen bonds are present between adjacent macrocycles, via interactions between the phenol groups (O−H⋅⋅⋅O distances 1.89, 1.69, and 2.00 Å). Apart from PhMe solvent molecules in the interstices between the T\[5\] macrocycles, an H~2~O molecule (most likely absorbed from the surroundings) is also found in the cavity. An H‐atom of this water is hydrogen‐bonded with a phenolic O‐atom of the adjacent T\[5\] (O−H⋅⋅⋅OH~2~, distance 1.92 Å).

The observation of these solvent‐inclusion complexes prompted us to study the host--guest chemistry of tiara\[5\]arene. Cationic guests, such as methyl viologen (MV^2+^), methylpyridinium (Py^+^), and a linear alkyl chain 1,6‐dicyanohexane guest were screened (Figure [3](#anie201913055-fig-0003){ref-type="fig"} and the Supporting Information) by NMR titration experiments. In a 1:1 mixture of the T\[5\] host (5 m[m]{.smallcaps} in MeOD‐*d* ~4~) and 5 m[m]{.smallcaps} Py⋅Cl, all ^1^H NMR signals of the cationic guest showed a pronounced upfield shift (Δδ of H~α~, H~β~ and H~*γ*~=3.2, 0.4, and 0.6 ppm, respectively), as a result of the shielding effect commensurate with host--guest complexation. Similar upfield shifts (Δδ of H~α~ and H~β~=2.0 and 0.7 ppm, respectively) were observed for an analogous experiment with MV^2+^. Owing to the absence of one set of electron‐donating OH group in the aromatic unit, the electron density of the T\[5\] cavity is relatively poor compared to those of regular P\[5\]s. Furthermore, the high conformational freedom of the T\[5\] scaffold, evidenced by its very simple ^1^H NMR spectrum, would also lead to a comparatively increased entropy loss upon guest binding. Nonetheless, the T\[5\] host still exhibits good binding affinities to these cationic guests in CH~3~OH, with association constants *K* ~a~ of (1.2±0.2)×10^3^ and (1.0±0.2)×10^3^  [m]{.smallcaps} ^−1^ for Py⋅Cl and MV⋅2Cl in a 1:1 binding mode, respectively. In contrast, 1,6‐dicyanohexane, which is commonly used in P\[5\] host--guest systems,[26](#anie201913055-bib-0026){ref-type="ref"} shows a binding constant value of typically 1--2 orders of magnitude lower (see the Supporting Information), demonstrating the significant difference in binding preference towards guests between homologous T\[5\] and P\[5\] macrocycles.

![Host--guest interactions between tiara\[5\]arene and cationic species. a) Partial ^1^H NMR spectra (400 MHz, MeOD‐*d* ~4~, 298 K) of T\[5\], chloride salts of methylpyridinium and methyl viologen, and their 1:1 mixtures at 5 m[m]{.smallcaps} concentrations. b),c) The association constants of b) \[Py⊂T\[5\]\]⋅Cl and c) \[MV⊂T\[5\]\]⋅2Cl 1:1 complexes in MeOD‐*d* ~4~ are determined by NMR titration method.](ANIE-59-3994-g003){#anie201913055-fig-0003}

Subsequent functionalization on either T\[5\] or T\[5\]‐(OMe)~5~ could be achieved (Scheme [2](#anie201913055-fig-5002){ref-type="fig"}) in a variety of ways. First, for T\[5\] the OH groups can functionalized, in analogy to our previous work[15](#anie201913055-bib-0015){ref-type="ref"} on rim‐differentiated P\[5\]s, by alkylation, esterification, or Suzuki--Miyaura coupling and SuFEx reactions, after being converted to triflates and sulfonyl fluorides, respectively. The corresponding penta‐triflate T\[5\]‐(OTf)~5~, for example, was synthesized in 80 % yield (see the Supporting Information).

![Versatile derivatizations of the tiara\[5\]arene scaffold at the *ortho*, *para*, and phenolic positions.](ANIE-59-3994-g006){#anie201913055-fig-5002}

Given the presence of OH or OMe activating groups, tiara\[5\]arenes can be easily functionalized by regioselective electrophilic substitutions. Under Duff formylation conditions, T\[5\]‐(OMe)~5~ was transformed successfully into penta‐*para*‐substituted *p*‐formyl‐T\[5\]‐(OMe)~5~ in 61 % yield.[27](#anie201913055-bib-0027){ref-type="ref"} Various bromination conditions were also tested, with the relative mild water--bromine system providing the highest yield (41 %) of an isomerically pure decabromide derivative *o*,*p*‐dibromo‐T\[5\]. Interestingly, it was found that bromination is a fast reaction, that is, completed in minutes, and not only on the five *para*‐ but also at all five *ortho*‐positions. Mass spectrometry analysis shows good agreement in isotopic distributions with the decabromide product (see the Supporting Information).

Apart from highly symmetric penta‐ and deca‐functionalizations, we have also focused on strategies to address a single aromatic ring in T\[5\]s selectively. Such mono‐functionalized[28](#anie201913055-bib-0028){ref-type="ref"} macrocycles are highly desirable building blocks for developing various supramolecular architectures and functional systems. Whereas cleavage of the ether bonds on perfunctionalized pillar\[5\]arenes results in numerous isomeric products,[29](#anie201913055-bib-0029){ref-type="ref"} partial demethylation of penta‐methylate T\[5\]‐(OMe)~5~ by 1 equiv of BBr~3~ led to a much less complicated reaction product mixture.[30](#anie201913055-bib-0030){ref-type="ref"} As a result, mono‐deprotected T\[5\]‐2,3,4,5‐(OMe)~4~ could be isolated in a reasonable yield of 32 % by column chromatography.[31](#anie201913055-bib-0031){ref-type="ref"} We believe the field of mono‐functionalized tiararenes may be open to a wide range of applications not easily available to other macrocycles.

Finally, attention was given to the possibility of using tiararene‐based materials for separation purposes. Many oligophenol macrocycles, especially calix\[4\]arenes, have been found[32](#anie201913055-bib-0032){ref-type="ref"} to exhibit single‐crystal‐to‐single‐crystal transformations in the solid state upon guest inclusion and/or gas absorption. More recently, pillararene‐based crystalline organic materials have also been shown[33](#anie201913055-bib-0033){ref-type="ref"} to be effective for the separation of linear/branched alkanes, xylene isomers, styrene/ethylbenzene, toluene/methyl‐cyclohexane, and dihalobenzene isomers. Analogously, the triangular biphen\[3\]arene macrocycle was used[12g](#anie201913055-bib-0012g){ref-type="ref"} to discriminate *cis*‐ over *trans*‐dichloroethene during preferential solid‐vapor uptake, and dual‐selective fractionations of chlorobenzene/chlorocyclohexane by two polymorphs of geminiarene featuring different conformations were also reported.[12h](#anie201913055-bib-0012h){ref-type="ref"} These findings all intrigued us to investigate the solid‐state host--guest chemistry of tiara\[5\]arene‐based crystalline materials.

Permethylated T\[5\]‐(OMe)~5~ was chosen for the ease of straightforward crystallization by vapor diffusion of CH~3~OH into a CH~3~CN solution. The resulting CH~3~CN⊂T\[5\]‐(OMe)~5~ crystals were then subjected to vacuum at elevated temperature to remove solvent guest molecules from the cavity. Powder X‐ray diffraction (PXRD) characterization of T\[5\]‐(OMe)~5~ materials before and after activation confirms (Figure [4](#anie201913055-fig-0004){ref-type="fig"} a,b) their crystalline nature. Preliminary solid‐vapor sorption experiments were carried out to test the uptake capacity and selectivity of the activated T\[5\]‐(OMe)~5~ crystalline material. It was found that T\[5\]‐(OMe)~5~ strongly favors aromatic benzene derivatives over their aliphatic counterparts.

![Outline of the benzene/cyclohexane fractionation process involving tiara\[5\]arene‐based nonporous adaptive crystals. a) First, crystals of T\[5\]‐(OMe)~5~ obtained from CH~3~CN were subjected to heat/vacuum for solvent removal. b) The activated T\[5\]‐(OMe)~5~ crystalline material was exposed to a 1:1 benzene/cyclohexane mixture vapor (50:50 v/v) under ambient conditions. c) Subsequent PXRD and X‐ray crystallography analyses confirmed the phase change of T\[5\]‐(OMe)~5~ after vapor adsorption, while d) ^1^H‐NMR time‐dependent vapor‐solid sorption plot and gas chromatography analysis revealed the preferential uptake of benzene over cyclohexane.](ANIE-59-3994-g004){#anie201913055-fig-0004}

The separation of benzene and cyclohexane is an important industrial process particularly in view of their interdependence, for example, cyclohexane is obtained from the catalytic hydrogenation of benzene.[34](#anie201913055-bib-0034){ref-type="ref"} The minute 0.7 K difference between the boiling points of benzene (353.2 K) and cyclohexane (353.9 K) imposes a great challenge for various distillation and purification processes. To test its capability for benzene/cyclohexane fractionation, time‐dependent sorption experiments were conducted on activated T\[5\]‐(OMe)~5~ samples over a mixture of benzene/cyclohexane (50:50 v/v). ^1^H NMR analysis showed that benzene uptake increased rapidly within the first hour and eventually reached about 0.8 equiv per tiara\[5\]arene ring after saturation, whereas relatively small amount of cyclohexane is also present in the crystals. Gas chromatography confirmed (Figure [4](#anie201913055-fig-0004){ref-type="fig"} d) that benzene accounts for 92.3 % of total guest uptake in T\[5\]‐(OMe)~5~. Upon heating, the benzene molecules adsorbed are released and the T\[5\]‐(OMe)~5~ can be reactivated for repeated fractionation cycles (see the Supporting Information).

The PXRD patterns of activated T\[5\]‐(OMe)~5~ before and after benzene uptake are significantly different, indicating (Figure [4](#anie201913055-fig-0004){ref-type="fig"} c, bottom) the formation of a new crystalline phase upon the adsorption of benzene. To elucidate the structural transformations of the T\[5\]‐(OMe)~5~ crystalline materials resulting from the adsorption process, T\[5\]‐(OMe)~5~ was crystallized from benzene after slow evaporation and analyzed by X‐ray crystallography. The C~6~H~6~\@T\[5\]‐(OMe)~5~ superstructure[35](#anie201913055-bib-0035){ref-type="ref"} features (Figure [4](#anie201913055-fig-0004){ref-type="fig"} c, top) a distorted conformer which stacks along the crystallographic *c*‐axis. Instead of forming inclusion complexes with T\[5\]‐(OMe)~5~, the benzene molecules are found in the interstices between stacks of macrocycles. A simulated PXRD pattern of the C~6~H~6~\@T\[5\]‐(OMe)~5~ crystal structure, bears resemblance to the experimental PXRD pattern of T\[5\]‐(OMe)~5~ after benzene exposure, indicating that the permethylated tiara\[5\]arene selectively recrystallized with benzene upon solid‐vapor contact.

Conclusion {#anie201913055-sec-0003}
==========

In summary, we have synthesized an oligophenol‐based macrocycle, tiara\[5\]arene, which is not obtainable by the direct, century‐old condensation of phenol with formaldehyde. The synthesis detour took advantage of the efficient formation of rim‐differentiated pillar\[5\]arenes, followed by the selective hydrodeoxygenation of one rim. X‐ray crystallography studies revealed multifaceted conformations of tiara\[5\]arenes in the solid state. We demonstrated a range of functionalization routes specific for tiararenes, further expanding this class of compounds. In addition to the ability of binding cationic pyridinium and bipyridinium guests, tiara\[5\]arene‐based crystalline materials showed highly selective fractionations of aromatic/aliphatic compounds during solid‐vapor adsorption. We expect that these new macrocycles will find widespread applications in supramolecular chemistry, both in solution and in the solid state, and will serve as unique five‐fold symmetric building blocks for constructing complex architectures.[36](#anie201913055-bib-0036){ref-type="ref"}
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